The heritable disorder ataxia telangiectasia (AT) is caused by mutations in the AT-mutated (ATM) gene with manifestations that include predisposition to lymphoproliferative cancers and hypersensitivity to ionizing radiation (IR). We investigated gene expression changes in response to IR in human lymphoblasts and fibroblasts from seven normal and seven AT-affected individuals. Both cell types displayed ATM-dependent gene expression changes after IR, with some responses shared and some responses varying with cell type and dose. Interestingly, after 5 Gy IR, lymphoblasts displayed ATM-independent responses not seen in the fibroblasts at this dose, which likely reflect signaling through ATM-related kinases, e.g., ATR, in the absence
Introduction
Ataxia telangiectasia (AT) is an autosomal-recessive, hereditary syndrome characterized by neuronal degeneration, telangiectasias, immunodeficiencies, lymphoid cancers (1) , and cell cycle checkpoint defects in cultured cells (2, 3) . Individuals with AT have mutations in the gene AT-mutated (ATM). The ATM protein is a serine/threonine kinase that is activated by ionizing radiation (IR; refs. 4, 5) . AT is one of a number of familial cancer syndromes in which individuals have enhanced sensitivity to DNA-damaging agents (6) (7) (8) . The human genome is exposed to many forms of DNA damage and it is critical for health to maintain signaling pathways that repair such damage. IR damages DNA, eliciting cell cycle checkpoint responses to discontinue proliferation until damage is repaired. It is known that in different types of cells, different signaling pathways are activated in response to stress (9) . Therefore, we compared the role of ATM signaling in response to DNA damage in human lymphoblasts and human fibroblasts using microarray technology to examine gene expression responses to exposure to IR.
Results
Because cell type can play a role in determining which signaling pathways are activated in response to cellular stress or DNA damage (9), we examined the role of ATM in signaling pathways in response to IR-induced DNA damage in human lymphoblasts and compared the results with those from a previous study of the role of ATM in human fibroblasts (10) . Cultures of each cell type (lymphoblast and fibroblast) and genetic background [wild type (WT) and AT] were analyzed from multiple individuals to gain information about the ATMdependent and ATM-independent responses while reducing the effects of individual genetic variation (11, 12) . Initially, six lymphoblast cultures (three WT and three AT) and six fibroblast cultures (three WT and three AT) were exposed to 5 Gy IR (10) for a comparison of IR treatment between cell types. Subsequently, the same six lymphoblast cultures and an additional culture of each (for a total of four WT and four AT) were exposed to 1 Gy IR.
G 1 and G 2 Checkpoints Are Attenuated in AT Cultures
We have previously shown G 1 checkpoint responses to IR in fibroblasts to be strong in WT cells and attenuated in AT cells (13, 14) . WT lymphoblasts in this study displayed an activation of the ATM kinase (data not shown) and the characteristic G 1 checkpoint response to DNA damage induced by IR. The AT lymphoblasts displayed a markedly attenuated G 1 checkpoint response to IR. The response of WT lymphoblasts was slightly attenuated from what we have observed previously with WT fibroblasts following similar exposures to IR (13) (14) (15) .
In response to IR, WT cells delay at a G 2 checkpoint, causing a decrease in the number of cells entering mitosis. To quantify the G 2 checkpoint response in lymphoblasts, we measured the IR-induced reduction in mitosis. Mitotic cells were determined as the population of cells that showed phosphorylation of histone H3, and the relative mitotic index was expressed as the percentage of phosphohistone H3 -positive cells in the irradiated population relative to the mocktreated population (Fig. 1) . WT lymphoblasts displayed a strong G 2 checkpoint response with >90% reduction of the number of cells in mitosis 2 hours after 1 Gy IR, but by 6 hours after 1 Gy IR the WT cells had recovered from the G 2 delay, with mitosis at near control levels ( Fig. 1) . AT lymphoblasts displayed the expected attenuation of G 2 checkpoint response to IR with less inhibition of entry into mitosis at 2 hours post-IR and impaired recovery of mitosis at 6 hours ( Fig. 1) . However, following 5 Gy IR, both the WT and AT lymphoblasts displayed a severe and long-lasting G 2 arrest with no recovery seen after 6 hours ( Fig. 1 ). These observations suggested that there was an ATM-independent signaling mechanism that induced G 2 delay in the AT lymphoblasts following 5 Gy IR.
We have examined G 2 checkpoint function in human fibroblasts previously; WT fibroblasts displayed an intact response, with the response in AT fibroblasts attenuated following IR (2, 14) . 4 We also observed that entry into mitosis was strongly inhibited in WT fibroblasts 6 hours following 5 Gy IR but greater fractions of mitotic cells were observed in the IRtreated AT fibroblasts than WT fibroblasts (data not shown). In comparing the two cell types, the G 2 delay responses of the WT fibroblasts, WT lymphoblasts, and AT lymphoblasts treated with 5 Gy IR seemed equivalent, whereas the response of the AT fibroblasts treated with 5 Gy IR seemed to be more similar to that of the AT lymphoblasts treated with 1 Gy IR. These observations suggested that there was an ATM-independent signaling mechanism that induced G 2 delay in the AT lymphoblasts following 5 Gy IR.
To better understand the response of different cell types to IR-induced damage, we looked at gene expression changes in lymphoblasts and fibroblasts. Cells were exposed to the same dose of IR, 5 Gy, as well as a lower dose (1 Gy) for the lymphoblasts that generated a checkpoint response in the AT lymphoblasts that was more biologically similar to the response of AT fibroblasts treated with 5 Gy IR. In addition, we compared ATM-dependent and ATM-independent responses in these two cell types to IR-induced damage. We looked first at categories of biological processes affected by IR exposure as revealed by gene expression analysis and then more specifically at particular gene expression changes to focus on some of the specific responses involved in the response to IR-induced DNA damage.
Differential Gene Expression Reveals Overall Biological Responses
Genes that were significantly differentially expressed between matched IR-and mock-treated fibroblasts and lymphoblasts were identified based on a confidence level approach or mixed linear model ANOVA approach and are shown in Table 1 . To gain insight into the biological processes affected by exposure to IR in either an ATM-dependent or ATM-independent manner, and to determine potential cell type differences, we did an analysis of differentially expressed genes (Table 1 ) with respect to their Gene Ontology Biological Process annotation using the High-Throughput GoMiner analysis tool (16) . The GoMiner tool allows one to use Gene Ontology annotation classification categories to determine FIGURE 1. G 2 delay is attenuated in AT lymphoblast cells following exposure to 1 Gy but not 5 Gy IR. Exponentially growing cells were mock-treated or exposed to 1 or 5 Gy IR. Cells were harvested 2 or 6 hours after treatment and assayed for mitotic cells by flow cytometry by staining with phosphohistone H3 antibody. Points, mean relative mitotic indices (% mitotic cells in IR-treated cells/% mitotic cells in mock-treated cells); bars, SD. Experiments were done in triplicate.
overrepresentation of differentially expressed genes in a particular category with respect to the total number of genes represented in that category that are being measured with a particular platform.
The National Institute of Environmental Health Sciences Human ToxChip contains genes that were selected as being important in normal biological processes and responses to environmental stresses (17) and 1,606 of these genes were categorized into Gene Ontology categories. When these genes were categorized into Gene Ontology Biological Processes, the most represented processes included metabolism, cell cycle, and cell proliferation. Although we did find that some of the overrepresented processes determined for our treatment conditions (see below) were among the processes most highly represented on the chip, other processes that are also highly represented on the chip, such as transcription or localization, were not found to be significantly affected.
We identified the top 10 Biological Processes ranked by statistical significance of their log 10 (P) value for each cell and treatment type. In the cases where the differential gene expression changes were robust (e.g., WT fibroblasts exposed to 5 Gy IR) all 10 categories had highly significant log 10 (P) values. In these cases, only the top 10 log 10 (P) values reflecting the most significant biological process classifications were used although there were other Biological Process classifications that had significant log 10 (P) values. On the other hand, in those cases where the gene expression changes were more subtle (e.g., AT lymphoblasts exposed to 1 Gy IR), some of the log 10 (P) values did not reach statistical significance but were used for comparative analysis. We combined all these into a single list of 36 categories. To more clearly visualize the Gene Ontology tree structure relationships, additional ''parent'' categories were added to bring the total to 46 categories. The additional parent categories are cellular process, cell communication, cellular physiologic process, regulation of cell proliferation, physiologic process, cell death, metabolism, cellular metabolism, cellular protein metabolism, and cellular biosynthesis. These categories do not change the results of the clustering (data not shown). Log 10 (P) values for each of these were then extracted from the individual analyses of each cell type and treatment group and compiled.
The resulting log 10 (P) values from these categories from each of the individual cell cultures and treatment conditions were subjected to hierarchical clustering and certain similarities and differences were readily apparent on a very general level (Fig. 2) . Specifically, there was a strong overrepresentation of differentially regulated genes in categories related to cell cycle, a classification that encompasses the progression of events that occur during cell replication or nuclear replication. In this area, WT lymphoblasts respond strongly to 5 Gy IR whereas WT lymphoblasts treated with 1 Gy IR and WT fibroblasts show a somewhat weaker but still significant response. Interestingly, whereas this response was lacking in the AT fibroblasts treated with 5 Gy IR and in the AT lymphoblasts treated with 1 Gy IR, the AT lymphoblasts treated with 5 Gy IR showed a significant response in these categories. The same trend exists in regulation of protein kinase activity. Another striking result (Fig. 2) was that of a significant overrepresentation of differentially expressed genes in the DNA metabolism/replication -related processes in WT fibroblasts treated with 5 Gy IR and WT lymphoblasts treated with 1 Gy IR, whereas the WT lymphoblasts treated with 5 Gy IR have stronger signaling in the regulation of cell cycle. These observations suggest more similarities in gene expression responses between fibroblasts treated with 5 Gy IR and lymphoblasts treated with 1 Gy IR than between the fibroblasts and lymphoblasts treated with the same dose of IR, both for WT and AT cultures. This suggested to us a potential role for an ATM-independent response contributing significantly in the lymphoblasts treated with 5 Gy IR, which we did not see in fibroblasts or lymphoblasts treated with 1 Gy IR (see below).
Comparisons of Cell Type -Specific Gene Expression Changes
We next looked at specific gene expression changes with respect to the cell type. Depending on the aspect of the cellular response examined, similarities and differences in differential expression of specific genes in the different cell types were observed. A similarity was seen in WT lymphoblasts and fibroblasts treated with 5 Gy IR in down-regulation of genes involved in mitosis (Table 1) . Another similarity between cell types was seen in the down-regulation of DNA replication genes in all the WT cultures, whereas the AT cultures lacked this differential regulation of DNA replication genes (Table 1) .
Similar patterns of up-regulation of DNA damage response genes and genes involved in apoptosis indicated little cell typespecific differential response following IR-induced DNA damage in the WT cultures (Table 1) . However, there was a difference in the response of the AT cultures. The AT lymphoblasts treated with 5 Gy displayed an up-regulation of the same genes as the WT lymphoblasts [CDKN1/p21/WAF1, Cyclin G1 (CCNG1), DDB2, GADD45A, PCNA, BAX, and FAS], whereas the AT fibroblasts treated with 5 Gy showed a lack of differential regulation of most of these genes and the AT lymphoblasts treated with 1 Gy showed differential regulation of only some of these genes.
Comparisons of Dose-Specific Gene Expression Changes
Gene expression responses between lymphoblasts treated with 1 and 5 Gy IR were compared and found to differ. One striking difference between WT lymphoblasts treated with the two doses was the down-regulation of genes involved in cell cycle regulation [cyclin A2 and cyclin B1 (CCNA2 and CCNB1), CDKN3, and CKS2] and mitosis (CDC20, MAD2L1, KPNA2, NEK2, and STK6) in cultures treated with 5 Gy IR but not following 1 Gy IR (Table 1) .
WT lymphoblasts displayed similar levels of G 1 arrest after 1 and 5 Gy (35% and 43% inhibition, respectively). Consistent with similar levels of G 1 arrest is the similar down-regulation of DNA replication genes between 1 and 5 Gy -treated lymphoblasts. Similar responses were also seen in both DNA-damage response and apoptosis-related genes (CDKN1A, CCNG1, DDB2, GADD45A, BAX, and FAS), which were induced by both doses of IR in WT lymphoblasts, in agreement with previously published observations (18, 19) . Changes in expression of genes in other biological pathways were also observed, with the WT lymphoblasts treated with 5 Gy IR displaying a greater trend of differential gene expression in response to the higher dose of DNA damage, as expected. 
ATM-Dependent Transcription in Human Cells
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An unsupervised hierarchical cluster analysis of all cultures and treatments was done using the genes shown in Table 1 . Figure 3 shows the resulting dendogram of the treatment groups. A striking feature of this dendogram is the separation of the WT and AT lymphoblasts treated with 1 Gy (A and B, respectively) compared with the inseparability of the WT and AT lymphoblasts treated with 5 Gy IR (C), again suggestive of an ATMindependent element in gene expression following 5 Gy IR. Because of this observation, the gene expression observations, the biological process observations and the lack of an ATMdependent difference in the G 2 checkpoint response in lymphoblasts exposed to 5 Gy IR, we chose to concentrate on differential gene expression following 1 Gy in lymphoblasts and 5 Gy in fibroblasts to focus on ATM-dependent cellular responses to IR. Figure 4 shows a hierarchical cluster analysis of the 64 differentially expressed genes from lymphoblasts treated with 1 Gy IR and fibroblasts treated with 5 Gy IR.
ATM-Dependent Specific Gene Expression Responses
In our previous examination of differentially expressed genes in WT and AT fibroblasts following 5 Gy IR (10), DNA replication and repair genes (MCM2, MCM3, MCM7, POLE, FEN1, RFC3, and RFC4) made up a majority of the ATMdependent gene set, being down-regulated in WT but not AT cells (also seen in Table 1 ; Fig. 4B ). Down-regulation of genes involved in the progression through mitosis (NEK2, CDC20, MAD2L1, and STK6) was ATM dependent in WT fibroblasts (also seen in Fig. 4C ) and up-regulation of genes involved in DNA damage response/repair and apoptosis (DDB2, CCNG1, PCNA, FAS, and TNFRSF10B) in WT fibroblasts appeared to be predominantly ATM-dependent (also seen in Fig. 4A and Table 1 ). Principal component analysis was used to identify the genes that contributed the most information to the separation of specific treatment groups (10) . Genes that contributed the most in principal component analysis to discriminate WT from AT fibroblasts fell mainly into the categories of DNA replication (FEN1, CDC6, RFC4, and MCM3) and mitosis (CDC20, MAD2L1, and CCNA2; ref. 10) .
Similar to fibroblasts, in lymphoblasts treated with 1 Gy IR, genes involved in DNA replication displayed an ATM-dependent response ( Fig. 4B ; Table 1 ). Expression of genes involved in apoptosis and DNA damage response/repair (CDKN1A, CCNG1, DDB2, GADD45A, BAX, and FAS) was predominantly ATM-dependent in lymphoblasts ( Fig. 4A; Table 1 ). In contrast to fibroblasts, genes involved in mitosis did not show ATM dependence ( Fig. 4C; Table 1 ). Principal component analysis showed that the DNA replication -related genes MYC and MCM4, the oxidative stress response gene GPX1, and the DNA damage response genes DDB2, CCNG1, and GADD45A were among the most discriminating genes between WT and AT lymphoblasts (data not shown).
Discussion
ATM is activated by DNA damage and participates in signal transduction cascades associated with cell cycle checkpoints and DNA repair through activation of a number of transcription factors, including TP53 (4) and E2F1 (20) . One of the hallmarks of AT is a predisposition to B-and T-cell lymphoid cancers (21) , which may indicate an increased sensitivity to DNA damage in lymphocytes in AT patients. Gene expression patterns from two human cell types, lymphoblasts, as a potential disease target tissue, and fibroblasts, a nontarget tissue, were compared to further understand the cellular mechanisms of ATM-dependent and ATM-independent responses to IR-induced DNA damage. Lymphoblasts were treated with two doses of IR to examine their responses to different extents of DNA damage. In general, in both lymphoblasts and fibroblasts, one detects gene expression changes in response to IR that seem to be TP53 and ATM dependent and/or ATM independent. Gene expression responses to the increased dose of IR exposure seem to be dominated by quantitative differences and not qualitative differences. The transcriptional alterations in these studies are fairly subtle and require rigorous statistical approaches to discern biologically meaningful changes from background noise. Using conservative statistical approaches has the consequence that one most likely will exclude some biologically meaningful responses from analysis because they do not meet the statistical criteria. Between cell types, it seems that fibroblasts respond to 5 Gy IR similarly to lymphoblasts exposed to 1 Gy IR on the transcriptional level in a number of categories of responses, including DNA damage and repair and apoptosis. In these last two categories, lymphoblasts responded more strongly to 5 Gy IR than fibroblasts, and this response is predominately ATM independent, most likely mediated through ATM-related kinases, such as ATR. Although it seems that ATR functions together with ATM in general, the degree of ATR signaling relative to ATM signaling in response to IR is dose dependent. It is unclear if EBV-transformed lymphoblasts are simply more sensitive to DNA damage than fibroblasts and are programmed to elicit a more intense response to genomic insults or if the exposures actually elicit unequal DNA damage in the different cell types. Additional studies are required to resolve this issue.
These data are in agreement with the known defects in G 1 checkpoint responses in AT cells (22, 23) , as indicated by ATM-dependent differential expression of genes involved in the regulation of progression through S phase in lymphoblasts and fibroblasts. In all of our treatment groups, we noted ATM-dependent gene expression responses in genes associated with DNA replication in one or more of the WT treatment groups but not in any of the AT treatment groups, thus discriminating between WT and AT cells in both cell types ( Fig. 4B; Table 1 ).
AT cells are also known to have a defective early G 2 checkpoint response to IR (2, 22) . Genes involved in G 2 checkpoint regulation and in progression through mitosis were generally down-regulated in an ATM-dependent manner in lymphoblasts and fibroblasts following 5 Gy IR. In the WT lymphoblasts, some of these genes were regulated in a dose-dependent manner following IR, with significant down-regulation following 5 Gy IR but not 1 Gy IR. This is in concordance with our G 2 checkpoint data where the G 2 checkpoint had been released by 6 hours following 1 Gy IR but not 5 Gy (Fig. 1) . Histone H3 phosphorylation, as detected by flow analysis, also showed that AT lymphoblasts had an attenuated G 2 checkpoint response following 1 Gy IR, but exposure to 5 Gy IR resulted in an arrest in AT cells that was equivalent to that seen in WT cells. Interestingly, the AT lymphoblasts treated with 5 Gy IR, which were lacking cells in mitosis, did not show significant downregulation of G 2 checkpoint and mitosis-associated genes. This likely reflects the reliance on posttranslational protein modifications to induce the G 2 checkpoint response to DNA damage. Although AT cells are defective in G 2 checkpoint response to IR-induced DNA damage, they nevertheless respond to IR with a, albeit attenuated, G 2 delay. The related checkpoint kinase ATR shares many substrates with ATM (24) and is known to contribute to cellular responses to IR (25) . It is likely that differential gene expression changes and G 2 delay seen in AT lymphoblasts after treatment with 5 Gy occur through ATR signaling.
There are controversial reports of apoptosis in IR-treated AT cells (see ref. 26 ). Differential gene expression was observed for a number of apoptosis-related genes that were dose dependent in the lymphoblasts and ATM dependent in both cell types. Gene expression patterns in the lymphoblasts indicated some ATM-dependent regulation, which was overridden at the higher damage-inducing dose. Considerable interindividual variability was observed for differential expression of these genes, which might contribute to variation in apoptotic response. In addition, it is unclear how EBV is differentially affecting each of these lymphoblast cultures (27, 28) . The mechanism whereby normal human fibroblasts resist radiation-induced apoptosis is not known, although studies suggest that basal levels of expression of CDKN1A/ p21/Waf1 and GADD45 can influence whether cells arrest growth or undergo apoptosis when irradiated (29) .
In summary, gene expression analysis has revealed responses to IR that are ATM dependent and are shared between lymphoblasts and fibroblasts (e.g., DNA replication and DNA damage and repair responses), responses that are predominately in one particular cell type (e.g., mitosis in fibroblasts and oxidative stress responses in lymphoblasts), and, at higher doses, ATM-independent responses that likely are dependent on signaling by ATR (e.g., DNA damage and repair and apoptotic responses in AT lymphoblasts following exposure to 5 Gy IR).
Materials and Methods
Cell Culture and Treatment EBV-transformed lymphoblasts (National Institute of General Medical Sciences Human Genetic Mutant Cell Repository, Camden, NJ) from four normal (ATM WT) individuals (GM03714, GM02254, GM03657, and GM01815) and four individuals with AT (ATM-deficient; AT; GM03332, GM02782, GM09582, and GM03189) were maintained in RPMI supplemented with 15% FCS (Life Technologies, Inc., Grand Island, NY). Human dermal diploid fibroblasts described previously (10) were from three WT individuals (GM03349, GM08400, and GM08402) and three individuals with AT (GM02052, GM03395, and AG03058) and were used between passages 14 to 20. Cells were irradiated as previously described for 5 Gy (30) or at a rate of 0.9 Gy/min for a final dose of 1 Gy, then harvested 6 hours later for microarray analysis or as specified depending on further analysis.
Checkpoint Function
A flow cytometric method (13) was used to quantify the IRinduced reduction in the fraction of cells in the first quarter of S (2-2.5N DNA content) as a measure of G 1 checkpoint function (15) . The percentage of lymphoblasts in mitosis was quantified by measurement of phosphorylated histone H3 (31) , and the IRinduced reduction in mitotic cells was determined as a measure of G 2 checkpoint function. Table 1 were selected. Hierarchical cluster analysis was done on these genes, first clustering all of the genes and then the individual cell populations. The resulting information was converted into a cluster map in which the genes regulated most similarly (according to the correlation coefficient of their expression values) clustered together along the vertical axis and the most similar cultures clustered closest together along the horizontal axis. The length of the bars of the dendogram shows the relative similarity of the culture/treatments to each other with the shortest bars being the most similar in their gene expression patterns.
RNA Preparation, cDNA Labeling, and Microarray Hybridization Cells were harvested 6 hours following treatment, pelleted, and flash frozen. RNA isolation, cDNA generation, Cy3-or Cy5-dUTP labeling, hybridization to the National Institute of Environmental Health Sciences Human ToxChip, with f1,901 cDNA probes for known genes and expressed sequence tags (http://dir.niehs.nih.gov/microarray/inhousearrays.htm), and analysis methods used were described previously (30) . Four hybridizations, with fluor reversals, were done for each culture at each IR dose.
Statistical Analysis
Acquisition of the signal intensities, calibration of intensity ratio values, and identification of differentially expressed gene changes based on a confidence level approach (32) and an ANOVA mixed linear model approach (33) were done as previously described (30) . Briefly, for the confidence level approach, digitized pixel intensity images generated by dual laser scanning of cDNA microarray chips hybridized with fluorescently labeled (Cy3 and Cy5) cDNA probes were analyzed with Array Suite v2.0 extensions of IPLabs image processing software (Scanalytics, Fairfax, VA). Pixel intensity values corresponding to each cDNA feature on the microarray chip from both scanning channels were adjusted by subtracting the local background surrounding each gene target. The ratio of the pixel intensity values for each gene target was normalized to all genes spotted on the chip to balance the two scanning channels to a ratio of f1.0. Criteria for identifying a gene as significantly differentially expressed in lymphoblasts were set at the 90% confidence level and in at least 7 of 16 (1 Gy) or 5 of 12 (5 Gy) hybridizations with Z scores of V3.5, including reverse fluor labelings per treatment group and a SD of V1.0. For mixed linear model, log 2 -transformed, background subtracted pixel intensity values from each scanning channel were normalized to account for experiment-wide systematic effects by fitting the data with an ANOVA-mixed linear model consisting of an overall mean value, main fixed effects for the treatments and arrays, a random effect for the dye label, interaction effects of array and dyes, and random error.
Residues from this normalization model were carried into a gene model with terms to account for overall intensity of each gene, treatment, and dye main fixed effects and an array random effect that measures the response of a gene to a given IR exposure in each cell type. Enrichments of Gene Ontology Biological Process annotations, based on the Nov 05 Unigene build for differentially expressed genes, were assessed using the software tool High-Throughput GoMiner (16) . This software program calculates enrichment or depleting of functional categories by comparing the frequency of genes annotated to a particular process term from the list of differentially expressed genes versus that for the entire chip, using the two-sided Fisher exact test (34) . The P value should be considered as a heuristic measure of probability of the observed annotation frequency to a functional category in the differentially expressed list being derived from the background frequency of the entire chip (16) . Log 10 of the P [log 10 (P)] values for the top 10 biological processes for each treatment group were then subjected to unsupervised hierarchical cluster analysis of the cell and treatment groups using Pearson correlation and average linkage grouping done with the Partek Pro 6.0 (St. Charles, MO) software program.
A two-dimensional gene expression data matrix with genes as the objects (rows) and sample treatments as the attributes (columns) was generated using the union set of genes that were differentially expressed in at least one of the cell and irradiation treatment groups and had a low probability (P < 0.005) of being randomly detected at the 90% confidence level (35) . For each biological sample, the ratio intensity values for the differentially expressed genes were log 2 transformed to approximate normality. Two-dimensional hierarchical cluster analysis was done using software and methods as described by Eisen et al. (36) with the following procedures to direct the agglomerative application. The Pearson correlation coefficient was used as a measure to determine similarity between gene expression vectors. Before clustering, the gene expression vectors were subjected to 1 million iterations of a self-organizing map to order the genes within clusters resulting in a smooth transition of gene expression patterns between clusters. The agglomerative clustering procedure was executed iteratively to merge similar gene expression vectors by measuring the Euclidian distance of a gene expression vector or cluster to all other gene expression vectors or clusters and then merging the two that were most similar.
Principal component analysis (37) was used to reduce the dimensionality of the ratio intensity data derived from the union set of differentially expressed genes and to identify the genes with the principal component loadings that contributed most to the separation of the treatment groups in multidimensional space.
